Land application of manure may produce unacceptable odors. Field experiments in undisturbed (no-till) soybean and corn residue were conducted to evaluate six liquid swine manure application/incorporation methods. The methods were injection with a commercial (1) chisel or (2) sweep, (3) incorporation with tandem disk harrow after broadcast application, (4) broadcast application with no incorporation, (5) injection with a narrow-profile knife, and (6) surface application behind row cleaners. The row cleaner and all injection treatments used spoke-covering wheels. Air samples over the soil surface were obtained immediately following and one day after manure application, and odor level was measured by olfactometry (i.e., the amount of air dilutions to reach odor threshold). Residue cover and yield were also measured. Incorporation techniques typically reduced odor level by a factor of three to ten as compared with a broadcast application. One day after application, odor was greatly reduced and often indistinguishable from that of untreated soil (no manure application). Residue cover differences among application methods were more pronounced in soybean residue. Application by the narrow-profile knife, row cleaner, and chisel maintained soybean residue cover better than other incorporation methods yet limited odor similar to these methods. Although cover was reduced over winter, greater soybean residue cover remained after planting with fall than with spring manure applications. Differences in odor level and residue cover among methods were less in corn than soybean residue. All incorporation techniques reduced odor levels, and chisel incorporation maintained corn residue cover after planting similar to broadcast application. For both crops, broadcast application maintained the greatest residue cover but had the highest odor level. Incorporation of manure generally reduced odor, reduced residue cover, increased corn yield, and did not affect soybean yield. O dor from swine production faces increased public scrutiny. Manure spreading has been identified as producing more annoying odor to nearby residents than does the livestock facility itself (Noren, 1986; Janni et al., 2000) . Application has driven neighbors to extreme acts (Ames Tribune, 1998). Some mixing of animal manure with soil reduces odor as compared with a broadcast application with no incorporation (Noren, 1986) . In some cases, injection techniques may be able to reduce odor to a background level equivalent to odor from an unmanured soil surface. Homans (1988) demonstrated that odor emission after application can be evaluated by field sampling and olfactory analysis.
O dor from swine production faces increased public scrutiny. Manure spreading has been identified as producing more annoying odor to nearby residents than does the livestock facility itself (Noren, 1986; Janni et al., 2000) . Application has driven neighbors to extreme acts (Ames Tribune, 1998) . Some mixing of animal manure with soil reduces odor as compared with a broadcast application with no incorporation (Noren, 1986) . In some cases, injection techniques may be able to reduce odor to a background level equivalent to odor from an unmanured soil surface. Homans (1988) demonstrated that odor emission after application can be evaluated by field sampling and olfactory analysis.
From a crop productivity standpoint, mixing manure nutrients with soil through injection or incorporation often results in greater yields and reduced nutrient losses in runoff and volatilization to the environment (Sawyer et al., 1991; Schmitt et al., 1995; Warnemuende et al., 1999) . Although manure incorporation has been widely adopted as a best management practice to control odor and minimize runoff and nutrient loss, incorporation also disturbs the soil and reduces residue cover. Maintenance of residue cover is important for control of soil erosion. In some areas, a majority of acres need to be in high-residue crop production systems for conservation plan compliance. More than one in five Iowa row crop acres during 1994 were planted in a no-till system; additionally, three of every four acres were planted leaving a soil-protecting surface residue cover (NRCS-USDA, 1994) .
Each use of a soil-disturbing implement typically reduces residue cover (Colvin et al., 1986) . Different soilengaging tools on an implement affect residue burial (Hanna et al., 1995) . Incorporation systems reduce corn residue cover (Block et al., 1995) . Fragile soybean residue cover is more difficult to maintain than is corn residue cover. Applying manure after soybeans and before corn to utilize manure nitrogen is a common practice. Prior work in grasslands suggests that a subsurface wing attached near the bottom of a soil-engaging tool may be useful in creating a void into which to place the manure while avoiding excessive soil disturbance (Negi et al., 1978; Warner et al., 1991 apply manure in an odor-limiting, nutrient-conserving manner while maintaining residue cover and soil productivity.
OBJECTIVES
The objectives of this research were to determine the effect of land manure incorporation techniques on the ability to: (1) reduce odor threshold and limit emission of ammonia and hydrogen sulfide; (2) maintain surface residue cover; and (3) maintain crop yield in a cornsoybean rotation.
MATERIALS AND METHODS
The manure tank applicator used for all treatments was a Better-Bilt model 3400 vacuum tank (Top Air Manufacturing, Cedar Falls, Iowa) with a capacity of 12 900 L (3400 gal). A rear-attached toolbar with four individual manure outlets arranged on 76 cm (30 in.) spacing was used to apply manure between 76 cm (30 in.) crop rows for all treatments.
Treatments included four commercial application methods: injection with a (1) 50-mm (two-in.)-wide chisel or (2) 410-mm (16-in.)-wide sweep; (3) surface broadcast; and (4) surface broadcast with immediate tandem-diskharrow incorporation. The broadcast and broadcast with incorporation treatments used a low-trajectory broadcast accomplished by raising the manure outlets to 300 mm (12 in.) above the soil surface and diffusing the manure across the soil surface by impacting it on a splash plate just below the outlet. One experimental method applied manure on the soil surface but underneath the surface residue. This was accomplished by moving residue from a narrow strip with a spoke-wheel row cleaner, applying manure in a narrow surface band, and then returning residue over the band with spoke covering wheels. This is referred to as the row cleaner (5) application method. A second experimental method injected manure using a narrow-profile knife (6) designed to minimize soil disturbance. The narrow knife consisted of an anhydrous ammonia knife (used to fracture soil) attached to a narrow-profile transition fabricated from three-mm (0.125-in.) thick steel sheets ( fig. 1 ). The transition was designed to accept incoming manure flow from a 76-mm (3-in.) diameter hose and then transition the flow for release from a bottom opening 25 mm (1 in.) wide and 180 mm (7 in.) long in the direction of travel. Wings of six-mm (0.25-in.) steel sheet were added to each side of the transition so that they extended 76 mm (3 in.) beyond the transition helping to create a subsurface void for the manure.
Manure was injected at a depth of 130 mm (5 in.) by the chisel, sweep, and narrow knife treatments. A single coulter [510 mm (20 in.) diameter] was mounted in front of individual injectors for these treatments. Spoke-covering wheels [430 mm (17 in.) diameter] mounted on the toolbar were used with these three treatments as well as the row cleaner treatment. These wheels were similar to closing wheels used on a planter, but short (102 mm, 4 in.) spokes protruded on the wheel periphery. Soil was tilled to a shallow depth of 76 mm (3 in.) by the tandem disk harrow in order to minimize residue burial in the disk incorporation treatment.
Two separate field experiments in rotated soybean and corn residue were conducted during three crop seasons to evaluate changes in residue cover and crop yield. Both crops were planted in 760 mm (30 in.) rows. Tillage was nearly that of a no-till system as soil was left undisturbed between harvest and planting except for manure application between crop rows. Plots were located at the Iowa State University Kluver Farm near Ames, Iowa, and were 38 m (125 ft) long × 3.8 m (12.5 ft or five rows) wide. Soil types at the site are Canisteo silty clay loam (fine-loamy, mixed (calcareous), mesic Typic Haplaquolls), Nicollet loam, (fine-loamy, mixed, mesic Aquic Hapludolls) and Clarion loam (fine-loamy, mixed, mesic, Typic Hapludolls). Swine pit manure was field applied at an applicator speed of 8 km/h (5 mph) and at an intended rate of 47 000 L/ha (5,000 gal/ac). The application rate was chosen to supply nitrogen at approximately 168 kg/ha (150 lb/ac). All six treatments were applied to each of five replicated blocks during both autumn and spring (preplant) application periods. Manure samples were collected for nutrient analysis, and total volume applied was measured for each treatment application. A buffer plot fertilized with commercial nitrogen fertilizer (168 kg N/ha or 150 lb N/ac) was placed on each side of each manured plot to avoid potential contamination across plots with overland flow of surface manure. The planter used was a White 5700 (Agco Corporation, Hesston, Kansas) with a Yetter 2965 Trashmaster staggered vertical-discs row cleaner (Yetter Manufacturing, Colchester, Illinois) mounted in front of each seed opener. Row cleaner discs were 300 mm (11.8 in.) in diameter. For all except the row cleaner application treatment, crop yield was obtained by combine harvesting three center rows receiving manure from four adjacent interrow application areas. Because of time constraints in changing equipment for treatments, only a single row cleaner was used for the row cleaner treatment. Thus only a single interrow area received a row cleaner manure application on plots of that treatment, and a measured yield for this treatment was not available. A combine-mounted chopper spread soybean residue during soybean harvest and a combine-mounted spreader spread corn residue during corn harvest.
Residue cover measurements were made using the linetransect method similar to that described by Hanna et al. (1995) . Two measures of residue cover were made in each replicated block before application treatments. Two afterapplication and two after-planting residue cover measurements were made in each plot. Percentage of residue remaining was calculated as the ratio of residue cover after a field operation to the residue cover immediately prior to the field operation. This ratio was expressed as a percentage (Colvin et al., 1986) .
Four additional experiments (fall 1996, spring 1997, fall 1997, spring 1998) were used to evaluate odor emission of the six application methods. Manure was applied on both undisturbed soybean and corn residue with the same methods, application rates, and seasonal timing as for the residue experiments. The application site was adjacent to the site of the residue cover experiments. Odorous air samples were collected from the surface directly (within five minutes) after the manure was applied and also one day after treatment (or later depending on field weather conditions). Odor evaluation was conducted in three replicated complete blocks in order to complete air sampling during a single day's weather conditions in the field. A 60 L (15.9 gal) sample of odorous air was collected using a portable field-collection system ( fig. 2) . The procedure for collecting a sample was to blow charcoalfiltered air at a velocity of 8 km/h (5 mph) through a Plexiglas duct that was open at the bottom exposing the air to the manured soil surface. The duct was 43 cm (17 in.) wide, 15 cm (6 in.) high, and 183 cm (72 in.) long. The duct was centered longitudinally on the travel path of an individual manure outlet. Fresh (i.e., unmanured) soil was used to form an air seal between the duct and the soil surface. An odorous air sample was drawn from near the downstream end of the duct by transporting air via Tedlar plastic tubing to a Tedlar plastic sample bag. The bag filled with air as its outer surface was subjected to a vacuum inside a semi-rigid container. The odorous air sample was then transported from the field to a dynamic olfactometer (Huang et al., 1996) for evaluation of odor threshold and ammonia and hydrogen sulfide concentrations. Odor level was measured in odor units. Odor units are the average number of dilutions of fresh air required to obtain an undetectable odor (below threshold) for all panelists in a four-member odor panel. The same panel members did all odor determinations for both crops both at and one day following application within each experiment. Ammonia concentration was measured by drawing air with a Matheson-Kitagawa model 8014-400A sampling pump through a Sensidyne ammonia tube (SKC, Inc., Eightyfour, Pennsylvania). In the first year of the study hydrogen sulfide concentration was measured in a similar manner using a Sensidyne hydrogen sulfide tube. The second year hydrogen sulfide concentration was measured using a Jerome Hydrogen Sulfide Analyzer model 631-X (Arizona Instruments, Phoenix, Arizona). Air was also sampled adjacent to application plots over an untreated (i.e., no manure applied) soil surface one day after application during spring 1997 and fall 1997, and both at application and one day after application during spring 1998 (Time constraints to obtain all air samples during a single day precluded sampling untreated soil during other collection days).
Data were statistically analyzed, and a least significant difference calculated, if an analysis of variance showed treatment means to be different at a 95% probability level.
RESULTS AND DISCUSSION

ODOR
The odor units measured from air above the soil after manure application on soybean and corn residue are shown in tables 1 and 2. Different ambient weather and soil conditions as well as odor panel sensitivity differences preclude any direct comparison of odor emission among the four individual fall and spring applications. The odor detection limit of the dynamic olfactometer in each experiment was limited by the amount of air sampled and how quickly odor panelists could judge diluted air samples for the presence of odor (i.e., the detection limit was established at the point when the air sample was used up before all panel members could correctly identify the odorous air). Odor detection limits were 43 odor units for the fall 1996 application, 12 odor units for the spring 1997 and fall 1997 applications, and 23 odor units for the spring 1998 application. Greater variability among fall 1996 623 VOL. 16(6): 621-627 measurements at application did not allow statistical significance. Cold (7°C or 45°F), windy weather after the fall 1996 application precluded obtaining air samples the day after application from the corn residue experiment and also from one replication of the soybean residue experiment. Five days after the 1996 fall application, air samples were taken from all plots of both soybean and corn experiments when air temperature had warmed to above 10°C (50°F).
When manure was applied on soil with soybean residue cover, odor from the broadcast application was statistically greater than all other applications at the time of both spring applications and one day after the 1996 fall application (table 1). The day of application, broadcast application odor levels were always numerically greatest. In the 1997 fall application, odor from the broadcast application was statistically greater than all other treatments except the chisel application. As indicated by the amount of air required to dilute the odor to a threshold (odor units), odor level from the broadcast application required four to ten times the dilution to equal odor level from most other applications at or near application during the fall 1996, spring 1997, and spring 1998 applications. With the fall 1997 application, the range of odor levels across treatments was narrower; however, statistical differences were measured (table 1). Odor levels were considerably lower one day after application (five days in fall 1996), and treatment differences were less and generally not significant. Odor levels were often indistinguishable from the odor of untreated and undisturbed soil. In some cases, odor levels were lower than the detection limit.
The day of application to corn residue, the broadcast treatment odor level was usually statistically greater than most other treatments (table 2) . With only a single exception (chisel, fall 1996), broadcast odor level was numerically greater than all other treatments. Broadcast odor level at application was statistically greater than all treatments during spring 1998. During fall 1996 there was a trend for the chisel, broadcast, and narrow knife treatments to be more odorous than other treatments. During the 1997 spring application, the broadcast and row cleaner treatments produced about four times the odor level of the chisel, sweep, and disk incorporation treatments, while the narrow knife produced about twice the level. During the fall 1997 application, the range of odor levels across treatments was narrower (table 2). Odor level from the broadcast application was statistically greater than all other applications except disk incorporation. When odor was measured one day after application (five days in fall 1996), measured odor values were comparable to that of odor from an untreated soil surface or near the detection limit. At application during spring 1998 odor from incorporated treatments was comparable to odor from untreated soil.
AMMONIA AND HYDROGEN SULFIDE
During the fall 1996 and spring 1997 experiments, ammonia level was below the detection limit (0.2 ppm) in all air samples above soybean residue and was detected in 624 APPLIED ENGINEERING IN AGRICULTURE only two of 72 samples above corn residue. These detections were 0.6 and 1.3 ppm on the day of the 1996 fall application. Ammonia flux from the soil surface may have been too low to be detected in a 60 L (15.9 gal) air sample. Because of the low detection rate, ammonia was not measured during the fall 1997 and spring 1998 experiments.
No hydrogen sulfide was detected (250 ppb detection limit) in any sample above soybean or corn residue during the fall 1996 and spring 1997 experiments. Additional equipment was then obtained to measure hydrogen sulfide to a lower (1 ppb) detection limit for the fall 1997 and spring 1998 applications. Hydrogen sulfide concentration of air above the broadcast treatment was numerically greater than all other treatments and statistically greater in five of the eight comparisons (table 3). Other treatments had relatively low concentrations of hydrogen sulfide, often near or below the detection limit.
RESIDUE COVER
Interactions between manure application equipment and season (fall or spring) rarely were significant in soybean residue, but at times were significant in corn residue. When means of application method within each season for each year were evaluated for all three years, however, no distinct conclusions were apparent. Thus only mean percentages of residue cover for the main effects of season and application method are presented in tables 4 and 5.
Broadcast manure application with no incorporation had the greatest residue cover. Although spring applications allowed residue cover to remain undisturbed over winter, less soybean residue cover was present after planting in most treatments with a spring application strategy. Lower amounts of residue cover after planting the first year may have been due to somewhat later planting and increased residue decomposition than occurred in subsequent years.
In fragile soybean residue, the two experimental application methods (row cleaner and narrow knife) and the chisel left about 20 percentage points more cover than did a sweep or disk incorporation, but about 25 percentage points less cover than did the broadcast-only treatment (table 4) . After planting, differences were less but still measurable. The residue remaining value expresses residue cover as a percentage remaining after a field operation of the cover present immediately before a field operation. Residue remaining is useful to calculate residue cover 625 VOL. 16(6): 621-627 Broadcast  72  92  13  18  82  93  72  89  68  103  47  70  Row cleaner  35  44  14  48  69  78  54  83  42  65  43  104  Narrow knife  47  67  12  23  63  71  54  87  33  49  37  114  Disk incorporate 25  31  8  40  31  34  27  94  17  25  22  136  Sweep  26  34  12  45  40  45  34  86  28  42  33  131  Chisel  43  55  11  26  52  59  53  105  38  57  38 following a series of field operations (Colvin et al., 1986) . Because less residue cover was often present following sweep or disk incorporation, the planter did not bury as much additional residue and at times brought some back to the surface .
In corn residue, the range of differences among treatments was narrower than in soybean residue (table 5) . Also, in the less-fragile corn residue, the advantage of the two experimental systems to leave more residue cover was not as apparent. There was still a tendency, however, for the experimental treatments and chisel to leave more residue cover than the disk or sweep treatments. After manure application, the sweep treatment left about 35 percentage points less residue cover, and the row cleaner, narrow knife, and chisel treatments about 20 percentage points less residue cover than did the broadcast treatment. The disk treatment reduced cover much less the first and second years than it did the third year. After planting, the chisel treatment left residue cover similar to the broadcast treatment. In the second and third years, treatments other than chisel had less cover than the broadcast treatment and reacted differently in their ability to maintain residue each year. Similar to the effect in soybean residue, the percentage of residue remaining after planting was often greater in manure application treatments that had initially buried more residue.
CROP YIELD
Average manure application for all treatments over the three years was 48 900 L/ha (5230 gal/ac) with an average nutrient value of 171 kg N/ha (152 lb N/ac), 104 kg P 2 O 5 / h a (92 lb P 2 O 5 / a c), and 88 kg K 2 O / h a (78 lb K 2 O/ac). Mean application rates of all application methods over the three years were typically within 5%, and all were within 9% of these values.
Because a yield measurement was not available from the narrow knife treatment for fall application previous to the 1996 crop, yields for that year are reported by treatment within fall or spring applications ( 1995-1996* 1996-1997 1997-1998 After Manure After Manure After Manure Application After Planting Application After Planting Application After Planting among application treatments and timings, but soybean yield did not. During a year with lower corn yields (1997) incorporated treatments had statistically greater corn yields than did broadcast application. Corn yield in the incorporated treatments was numerically greater than broadcast treatments except for spring 1996 applications. Corn yield was statistically greater for spring application treatments than fall application treatments the second year.
DISCUSSION
As expected, a broadcast (only) application without incorporation left the most residue cover, but also produced odor levels that were often several times greater than most incorporation treatments (as measured by dilution to threshold). Incorporation effectively reduced odor, and the narrow knife, row cleaner, and chisel methods minimized residue burial compared with other methods.
When manure application was in fragile soybean residue, there was a greater range among treatments for the amount of residue cover left, and a distinct odor reduction when any treatment, other than broadcast, was used. The two experimental treatments, narrow knife and row cleaner, had better retention of residue cover than disk or sweep incorporation treatments and emitted moderate amounts of odor comparable to commercial incorporation treatments. Among the commercial incorporation techniques (chisel, sweep, and disk incorporation) the chisel left more residue cover, with hardly any increase in odor compared with incorporation with a sweep or tandem disk.
Corn residue cover remaining after manure application was less affected by application technique. The chisel, narrow knife, and row cleaner treatments tended to leave more residue cover than the sweep or disk treatments but less than the broadcast treatment. After planting, residue cover following the chisel treatment was similar to that for broadcast application. Odor emission in corn residue for all incorporation treatments was generally lower than emission from broadcast. In comparing odor emission among manure incorporation treatments into corn residue no trends were discernible. Residue coverage and odor emission from the two alternative treatments did not seem to differ as much from other incorporation treatments in corn residue as in soybean residue.
CONCLUSIONS
The following recommendations are based on this data. If odor during application is a concern, avoid broadcast application. Most methods involving some soil incorporation reduced odor levels by 20 to 90% from the odor level emitted after broadcast application. Odor level reduced quickly with time and often within a single day was statistically indistinguishable with odor from untreated soil.
The choice of a manure incorporation method in soybean residue is more critical to maintaining residue cover than in corn residue. Of the commercial methods evaluated, a chisel left more soybean residue than a sweep or tandem disk harrow. Experimental methods using a narrow-profile knife or row cleaner left more residue cover after application than did sweep or disk incorporation methods, and maintained odor reduction. In corn residue, after planting, residue cover remaining following the chisel treatment was comparable to that after broadcast application. Treatments other than broadcast almost always reduced odor; however, the ability to reduce odor relative to each other was not consistent.
In those cases where odor during application is not a concern and nutrient loss from surface placement can be tolerated, broadcast application minimizes residue cover destruction.
